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Plant invasions are a serious threat to natural and semi-natural ecosystems worldwide. Most management-orientated research on
invasions focuses on invaders that are already widespread and often have major impacts. This paper deals with ‘‘emerging’’ invaders—
those alien species with the potential to become important problems without timely intervention. A climate matching procedure was
developed to define areas of South Africa, Lesotho and Swaziland that could be invaded by 28 plant species that had previously been
classified as emerging invaders. Information on the location of populations of these species in the study area was combined with
information on their distributions (as native or alien) in parts of Australia and the United States of America. These two countries had the
best available distribution data for this study. They also share many invasive alien plant species with South Africa. Climatic data
obtained for weather stations near points of known occurrence in these countries were used to define the climatically suitable areas for
each species in the study area. Almost 80% of the remaining natural environment in southern Africa was found to be vulnerable to
invasion by at least one of these species, 50% by six or more and 24% by 16 or more species. The most vulnerable areas are the highveld
grasslands and the eastern escarpment. The emerging invaders with the greatest potential range included Acacia podalyriifolia and
Cortaderia selloana. The globally important invaders Ulex europaeus and Lythrum salicaria had a more limited invasion potential but
could still become major invaders. There was no relationship between the extent of the climatically suitable areas for the different species
and an expert ranking of their invasion potential, emphasising the uncertainties inherent in making expert assessments based on very
little information. The methods used in this analysis establish a protocol for future modelling exercises to assess the invasion potential of
other emerging invaders.
r 2006 Elsevier Ltd. All rights reserved.
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Most studies on the management of biological invasions
deal with invaders which are already established, or are
aimed at preventing introductions of high-risk species
(Tucker and Richardson, 1995; Le Maitre et al., 2002,e front matter r 2006 Elsevier Ltd. All rights reserved.
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oria 0001, South Africa.2004; Nel et al., 2004). Surprisingly, much less attention
has been given to developing systematic approaches for
dealing with species which are already present and have
demonstrated invasive tendencies in the region, or that are
well-known invaders in similar environments elsewhere in
the world, but have not yet invaded large areas. One
exception is the development of the concept of ‘‘sleeper
weeds’’ in Australia (Brinkley and Bomford, 2002; Groves
et al., 2003). Sleeper weeds were defined in Williams and
West (2000) as naturalised species (sensu Richardson et al.,
2000) which have the potential to expand their populations
exponentially but which are currently held in check by
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for example via dispersal or translocation to a more
favourable site, would result in an exponential expansion
of the population and rapid invasions. In most cases the
potential for expansions is assessed by means of expert
opinion, often guided by information on the invasiveness
of the species elsewhere (Brinkley and Bomford, 2002;
Groves et al., 2003). This study focuses on species identified
as emerging invaders in South Africa by Nel et al. (2004).
Many of these species appear to have the capacity to have
greater impact in the future, either because they are in their
early stages of invasion (Hobbs and Humphries, 1995), or
because they may be sleeper weeds. In most cases, data on
residence times are lacking so these species cannot truly be
characterised as sleeper weeds. The major weed species,
those which are already widely distributed or common (Nel
et al., 2004), were dealt with by Rouget et al. (2004).
Once an alien plant species becomes invasive and spreads
over considerable areas, it becomes increasingly difficult to
eradicate it with an acceptable expectation of success
(Hobbs and Humphries, 1995; Myers et al., 2000;
Rejmánek and Pitcairn, 2002). Emerging or re-emerging
invaders are of increasing international concern because of
the potentially devastating effects they can have on the
economy, the environment, and society (http://www.sdi.-
gov/index.htm). Early warning systems—which include
regular and urgent reporting by monitoring systems and
public awareness initiatives, and rigorous eradication and
containment procedures—must, therefore, be implemented
and maintained to successfully manage ‘new’ and ‘emer-
ging’ alien plant invasions (Wittenberg and Cock, 2001).
Focussing biological control efforts on emerging invaders
could be used as a pro-active means of directing such
research and management efforts, since biological control
has been shown to be particularly effective during the
earliest stages of invasion (Macdonald et al., 1986; Olckers,
2004).
In South Africa, invasive alien plants are a significant
problem, affecting almost 10 million hectares (8.28%) of
the region, and spreading rapidly (Versfeld et al., 1998; Le
Maitre et al., 2000). About 750 alien tree species and 8000
alien shrubby and herbaceous species have been introduced
into South Africa for a range of purposes: crops, fodder,
timber and firewood, tannin production, garden ornamen-
tals, stabilising sand dunes and barrier, and hedge plants
(Henderson, 1998, 1999). Many of these alien species have
become naturalised, and some of these naturalised species
have become invasive (sensu Richardson et al., 1997, 2000).
Initiatives such as the Working for Water Programme are
acclaimed for their innovative approach to addressing the
management of invasive alien plants (van Wilgen et al.,
2002). However, most of the current initiatives are reactive
measures aimed at managing those alien plants that are
already invasive, often with large adventive ranges. More
pro-active approaches are needed to maximise the success
of management efforts in the control of both already well-
established invaders and, more importantly, emerginginvasive alien plants and the areas which they are most
likely to affect. Such a preventative approach requires that
these new invading alien plant species and areas that are
being invaded are identified, prioritised, and then managed.
Studies that have been done to predict the potential
distribution of invading species generally have focussed on
a few species whose attributes and ecological requirements
are well known (e.g. Sutherst et al., 1991; Beerling et al.,
1995; Pheloung, 1996; Holt and Boose, 2000; Kriticos and
Randall, 2001; Robertson et al., 2001; Welk et al., 2002;
Kriticos et al., 2003). Some of these approaches include
consideration of the likely dispersal probabilities and
pathways, and the suitability of the new environment for
the plant (Kriticos and Randall, 2001). Our study required
a more pragmatic approach suitable for application at the
national scale in a country with very diverse environmental
conditions, and for a range of species for which only very
basic information is available. It has long been recognised
that the broad-scale distribution patterns of plants are
constrained primarily by climate (Woodward, 1987;
Huntley et al., 1995). This view has underpinned many
attempts to predict the potential distribution of species,
and formed the basis of our approach (see Rouget and
Richardson, 2003 for further discussion). We recognise
that climate change will have a significant impact on the
potential distributions of these invading species (see
Midgley et al., 2003) but the detailed climate change data
needed to incorporate this issue into our modelling
approach do not exist. Land cover data are available but
projections of future land cover, and a sound under-
standing of how changes in land cover may facilitate
invasion, would be needed to incorporate this aspect into
our model. We plan to address this in a future study but it
fell beyond the scope of this study.
Many techniques have been proposed for understanding
and modelling species–environment relationships (Franklin,
1995; Guisan and Zimmermann, 2000; Guisan and Thuiller,
2005). The predictive accuracy of these techniques is quite
variable, often depending on the degree of complexity of the
model. Climate envelope modelling (CEM) is a simple
yet robust technique which generates maps of potential
species distribution using climatic characteristics where the
species occurs (Nix, 1986). Major advantages of CEMs are
their ability to cope with ‘presence only’ data, and their
simplicity. CEM is very useful at a broad scale to develop a
general picture of where species are most likely to invade,
especially in this region with marked climatic gradients. For
these reasons, CEM was considered to be an appropriate
technique for this study.
Nel et al. (2004) identified 84 species of emerging plant
invaders of South Africa, Swaziland, and Lesotho based on
their potential to spread. An understanding of the potential
distribution ranges of emerging invaders in South Africa
will facilitate identification of those emerging invaders with
the greatest potential to expand their ranges in southern
Africa, and allow management to focus action and
monitoring efforts on the areas most vulnerable to
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potential distribution of emerging invasive alien plant
species using distribution records from other regions to
augment existing records within the country of concern.
This enables: (i) the prediction of areas where emerging
invasive alien plant species are likely to become a problem,
to provide an opportunity for early action (e.g. for
biocontrol); (ii) the determination of whether the areas in
South Africa, Lesotho, and Swaziland (hereafter called the
region) that are climatically suitable for invasion by new
plant invaders are new areas or areas that are, or were
previously, invaded by major alien plant invaders (Rouget
et al., 2004); and (iii) testing whether the extent of the
potential distribution (climatically suitable envelope) of
each of the selected emerging plant invaders is consistent
with the expert rating of emerging plant invaders as defined
by Nel et al. (2004).2. Methods
Fig. 1 summarises the overall approach and shows the
different phases and the sequence of steps followed in each
one. Each step is described in the following section.2.1. Phase 1: producing distribution maps and climate
matching
2.1.1. Selection of species
Twenty-eight of the 84 emerging invasive alien plant
species in southern Africa were selected from Nel et al.2.1 PHASE 1: 
Producing distribution maps
2.1.1 Selection of species

















2.1.5 Weather station matches combined 
(produced 1map per plants pecies)
Fig. 1. Schematic representation of the process followed in deriving potential(2004) for modelling using the CLIMATE model. Species
were chosen on the basis of three criteria:(i)distrFirst, we selected species which were listed indepen-
dently by more than two out of six alien plant experts
that attended a workshop that was directed at
compiling lists of priority major and emerging plant
invaders of southern Africa (details in Nel et al., 2004).
The experts were presented with preliminary lists of
major and emerging plant invaders (82 major invaders
and 454 emerging invaders) to review and for each of
the lists they selected species they regarded as the most
problematic in natural and semi-natural ecosystems of
southern Africa. Eleven of the emerging plant invaders
were listed by the majority of the experts and thus were
selected for the modelling exercise (Table 1).(ii) The combined score of Nel et al. (2004)—which scored
the emerging plant invaders according to impact,
weediness, potential for biocontrol and proportion of
weedy relatives within the genus—was used to choose
the next suite of species. Emerging plant invaders
with a combined score of 80 or more were selected
(Table 1), providing an additional 13 species. Emer-
ging aquatic weeds were excluded because their
potential distributions were known to be poorly
predicted using bioclimatic modelling.(iii) Finally, we made sure that we had chosen at least one
representative from each category of emerging inva-
ders, as defined by Nel et al. (2004), according to a
classification of their habitat which potentially can be2.2 PHASE 2:2 
Deriving climatic envelopes
2.2.2 Schulze’s bioclimatic surfaces
2.2.2 Generating 15 Climatic surfaces 
(using weather station grid cell values)
2.2.2 Fifteen climatic surfaces combined to 
produce potential distributions for each plant
2.2.2 Twenty-eight plant species envelopes 
combined to produce one map showing the 
potential distributions ofall species together
2.2.3 Comparison of current and potential 
distributions ofeach of the species
ibutions for the selected emerging plant invaders in southern Africa.
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Table 1
Emerging plant invaders from Nel et al. (2004) selected for climatic modelling of their potential distributions
Scientific name Common name Region of origin Combined score Reason for selection
Acacia elata A. Cunn. ex Benth. Pepper tree wattle S.E. Australia 69 Expert rated
Acacia paradoxa D.C. Kangaroo wattle W, S and E Australia 69 Expert rated
Acacia podalyriifolia A. Cunn. Pearl acacia S.E. Australia 67 Expert rated
Celtis sinensis Pers. Japanese Hackberry Far East Asia 45 Expert rated
Cestrum parqui L’Herit. Chilean cestrum Chile 91 ScoreX90
Cinnamomum camphora (L.) J. Presl. Camphor tree Far East Asia 90 ScoreX90
Cortaderia jubata (Lem.) Stapf Pampas grass Tropical S. America 75 Expert rated
Cortaderia selloana (Schult.) Aschers. & Graebn Pampas grass Tropical S. America 81 Score 80–89
Cytisus scoparius L. Scotch broom Europe, UK 86 Score 80–89
Gleditsia triacanthos L. Honey/Sweet locust Eastern USA 68 Expert rated
Grevillea robusta A. Cunn. Australian silky oak S.W. Australia 67 Category representation
Hedychium coronarium Konig White ginger lily India to Indonesia 87 Score 80–89
Hedychium gardnerianum Roscoe Kahili ginger lily Himalayas 92 ScoreX90
Ligustrum sinense L. Chinese privet China 80 Score 80–89
Lonicera japonica Thunb. cv Halliana Japanese honeysuckle Far East Asia 83 Score 80–89
Lythrum salicaria L. Purple loosestrife Eurasia 88 Score 80–90
Mimosa pigra L. Giant sensitive plant Tropical America 76 Expert rated
Nephrolepis exaltata (L.) Schott Sword fern N. and C. America 84 Score 80–89
Pennisetum purpureum Schumach. Elephant grass, Napier grass Tropical Africa 95 ScoreX90
Pereskia aculeatg Mill. Barbados gooseberry S America, W Indies 87 Expert rated
Pinus taeda L. Loblolly pine S.E. USA 87 Score 80–89
Psidium guineense Swartz Brazilian guava Tropical S. America 84 Score 80–90
Quercus robur L. English oak Western Europe 67 Category representation
Rosa rubiginosa L. Eglantine, Sweetbriar Europe to Asia 96 ScoreX90
Spartium junceum L. Spanish broom Europe (Med.) 82 Expert rated
Tecoma stans (L.) H.B.K. Yellow bells Mexico, S. USA 69 Expert rated
Tipuana tipu (Benth.) Kuntze Tipu tree Brazil to Argentina 73 Expert rated
Ulex europaeus L. European gorse Europe, UK 80 Score 80–89
Data on the region of origin were obtained from the SAPIA database. ‘‘Combined score’’ refers to the score assigned to each species by Nel et al. (2004) on
the basis of their impact, weediness, potential for biocontrol and number of weedy relatives. Species selected for modelling were those which were rated by
more than two out of six alien plant experts as being important emerging plant invaders; species with a combined scoreX80, and species chosen to achieve
full category representation as per Nel et al. (2004).
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estimate of propagule pressure in terms of ‘small’,
‘moderate’, or ‘large’). This was done to provide as
representative a set of emerging invaders as possible in
our analyses. Grevillea robusta A. Cunn. and Quercus
robur L. were selected as representatives of the
otherwise vacant category for species with a small
habitat which potentially can be invaded and a large
current propagule pool size.2.1.2. Assembling global distribution records for selected
species
Most of the emerging plant invaders in South Africa, by
definition, currently occur in a limited range of environ-
ments. Thus, location data from South Africa alone are
insufficient for deriving reliable potential distributions
using climatic envelope models, such as those developed
for South Africa’s major plant invaders (Robertson et al.,
2001; Rouget et al., 2004). We therefore assembled
additional species location data from elsewhere in the
world to supplement input data into our climatic envelope
model.To identify other regions of the world with similar
climates, the CLIMATE model (Pheloung, 1996)
was run using weather station datasets for South
Africa as input locations. Australia, USA, South America,
and parts of Europe showed the greatest climatic
similarities to South Africa (Fig. 2; see also Thuiller
et al., 2005). Experts from each of these countries were
consulted and an internet search was conducted to
collect occurrence data and geographic locations for
the selected 28 emerging plant invaders. Two databases
were available for Australia: the Australian Virtual
Herbarium, and the Queensland Herbarium databases.
The former database does not distinguish between
cultivated and naturally occurring records, and since it
contains many records from botanical gardens that would
obscure the climatic envelope modelling, we decided not to
use it. We were unable to access data from South America.
The Flora Europaea database (http://rbg-web2.rbge.
org.uk/FE/fe.html) which we were able to search only
included one of the species we had selected; however, the
full Flora Europaea database, which may include more of
the species, was not available. The following datasets
were used:
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Fig. 2. The regions of the world where the climates are most closely matched with the climates in the region based on outputs from the CLIMATE model.
This dataset was used to identify the areas of the world that were searched for information and distribution records for the 28 emerging species. The data
were also used in the process of deriving potential distributions for the selected emerging plant invaders.
T.N. Mgidi et al. / Journal of Environmental Management 84 (2007) 173–187 177 Queensland Herbarium database (obtained from
Queensland Hebarium’s main databank; Paul Robins,
pers. comm., 2004). This database flags cultivated
records, and contains several records from elsewhere in
Australia as well as a few records from South East Asia
and other parts of the world.
 USA Plants database (http://plants.usda.gov/) lists 15 of
the 28 species and supplies occurrence data at a county
level. This database only records naturalised or native
populations, so the issue of cultivated specimens was
not an issue. Several states did not have county-level
information; the data from these states were, therefore,
at a scale too coarse for our analyses and were excluded.
 Southern African Plant Invaders Atlas (SAPIA) data-
base: provides occurrence data at the level of quarter-
degree squares (150 latitude 150 longitude, QDS) for
species within southern Africa (Henderson, 1999)
(Fig. 3).
2.1.3. Application of the CLIMATE model
The CLIMATE model (Pheloung, 1996) was chosen to
model climatic envelopes of the 28 selected species, as it is
appropriate for the global scale at which we needed to
model the species’ distribution data. CLIMATE was
developed from concepts contained in the Bioclim Predic-
tion System (Nix, 1986) and CLIMEX (Sutherst et al.,
1999). It uses 16 climate variables based on temperature
and rainfall data (Table 2), from a set of geographical
locations where a species is known to occur, to construct a
climatic profile. The 16 parameters are identical to those
defined in the BioClim Prediction System (Nix, 1986),
which were selected to identify overall differences in
temperature and rainfall, as well as the seasonal patterns
in rainfall and their relationship to temperature (e.g. winter
versus summer rainfall).
Both the meteorological data laid out in CLIMATE
within the ‘‘world database’’ (a worldwide collection of
locations) and the ‘‘airports database’’ (an additional set ofmeteorological data from the World WeatherDisc which
was included in the CLIMATE model) were used in this
analysis. The ‘‘world database’’ was most comprehensive in
Australia, New Zealand, and South East Asia, with 864
weather stations in the area; while the ‘‘airports database’’
was more comprehensive in the USA, with 1761 weather
stations.2.1.4. Matching weather station locations and species
occurrences
Nearly all the Queensland Herbarium data records had
latitude and longitude information and, where this
information was not provided, we used place names to
obtain geographical co-ordinates. The closest weather
stations were selected as input for the CLIMATE model
(Table 3). Most of these weather stations were within 20 km
of the species collection locality but, in some cases stations,
were up to 50 km away.
The county-level occurrences of the USA Plants
database were used to select all the weather stations that
fell within counties where the species occurred (Table 3).
Most counties on the east coast are less than 50 km across
while those on the west coast are often 100 km across. The
width of the west coast counties is of concern as this can
increase the range in climate factors due to changes in
elevation and orographic gradients. This means that the
climate at the selected weather station may not be a good
match to the species collection locality even though they
both are in the same county. The data for these counties
were retained despite these difficulties because they were
particularly important for the delineation of the climate
envelopes in a winter-rainfall (mediterranean-type) envir-
onment.
Most records in the SAPIA database are at the scale of a
quarter-degree square (QDS; grid cells of 150 latitude 150
longitude), and nearby weather stations were selected as
input for the CLIMATE model (Table 3). As with the
Australian data, these weather stations were typically less
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Table 2
The 16 climate parameters (derived from monthly temperature and rainfall data) of the South African Atlas of Agrohydrology and Climatology (Schulze
et al., 1997)
Temperature parameters (1C) Rainfall parameters
Mean annual temperature Average annual rainfall (mm)
Minimum temperature of coolest month Rainfall of wettest month (mm)
Maximum temperature of warmest month Rainfall of driest month (mm)
Average temperature range CV monthly rainfall
Mean temperature of coolest quarter Rainfall of wettest quarter (mm)
Mean temperature of warmest quarter Rainfall of driest quarter (mm)
Mean temperature of wettest quarter Rainfall of coolest quarter (mm)
Mean temperature driest quarter Rainfall of warmest quarter (mm)
These were used as input data into the CLIMATE model when comparing and matching climates based on weather station data. For more information see
the methods.
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were up to 50 km away.
The CLIMATE model was used to increase the number
of weather stations per species by selecting additional
weather stations from its databases. It can do this using
either a percentile, statistical, or Euclidean distance
analysis. Some statistical methods can produce erroneous
predictions if the inputs are from highly diverse climates. In
such cases, averaging can generate an intermediate profile
which is not representative of the extremes; the cumulative
matching method, using the closest Euclidian match
option, was chosen in this study to minimise this type of
error. The difference between the value for the manually
selected weather station (see Section 2.1.2) and the
corresponding value of an unselected weather station was
calculated for each of the 16 climate parameters. Then the
Euclidean distance was determined using the sum of the
squares of the differences for all 16 parameters. The
resulting matches were then rated based on the Euclidean
distance and rescaled to the range: 0–100, where 0 ¼ a
complete match and 100 ¼ no match between the two
weather stations’ climate profiles. Where a comparison
gave a reasonable degree of match, the matching weather
station was output to a file. We chose to output the
matches in four categories: very high (within 20% of the
mean), high (within 30% of the mean), medium (within
40% of the mean), and low (within 50% of the mean). This
procedure increased the number of weather station records
per species and refined the climatic data that could be used
to generate the climate envelopes.2.2. Phase 2: creating climate-envelope surfaces in South
Africa for each species
2.2.1. Contribution of weather station data from different
countries to the extent of the climate envelope
We ran the CLIMATE model using the Australian,
USA, and South African datasets as separate inputs. We
used these datasets to identify the contribution each of
them made to the set of matched weather stations for eachspecies (see below), given the differences in the spatial scale
of the species locality records.
For our final analyses, however, we combined the
Australian, USA, and South African datasets for each
species, to provide an adequate sample size of input
locations for the CLIMATE model. The output from the
CLIMATE model for each emerging plant invader was a
set of weather station locations in South Africa which
matched the values of the 16 climate parameters for that
plant species with a predetermined degree of accuracy (very
high, high, medium, and low, see Section 2.1.3).
2.2.2. Potential distribution
A preliminary assessment showed that using only species
climate envelopes to select South African weather station
gave a very crude resolution. The Southern African Atlas
of Agrohydrology and Climatology developed by Schulze
et al. (1997) provided continuous, raster data for a range of
climatic variables at a resolution of 10 latitude 10 long-
itude. These datasets were used to refine the point-locality
outputs of the CLIMATE model and derive continuous
climatic envelope surfaces for each species as follows:(i) Sixteen climatic surfaces describing the climatic para-
meters used by CLIMATE were derived for South
Africa (Table 2) using the monthly temperature and
rainfall data from the Atlas (Schulze et al., 1997). The
output was in the form of a raster dataset with a
calculated value for each 10 latitude 10 longitude cell.(ii) South African weather stations in CLIMATE were
assigned mean values for each of the 16 climatic
parameters, using the Atlas-generated climate surfaces
developed in (i). This was done by calculating spatially
averaged values using the focal mean function in Arc/
Info within a 3 3 cell neighbourhood centred on the
weather station. The accuracy of the match between
the Atlas and CLIMATE values for each of these
weather stations was analysed by comparing both the
form of the relationship between the Atlas and
CLIMATE values and the correlations between the
values in the two datasets. The analysis showed that
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Table 3
Expert rankings, habitat invaded and information on the data on the number of records and weather stations that were used to predict the climatically




































Acacia elata ML Landscape 35 19 3 3 0 0 50
Acacia paradoxa LS Landscape 1 3 56 39 1 12 1
Acacia podalyriifolia ML Landscape 57 34 32 32 0 0 64
Celtis sinensis LM Landscape 1 1 41 12 0 0 15
Cestrum parqui MM Landscape 1 2 68 27 0 0 35
Cinnamomum camphora ML Landscape 10 11 50 0 6 108 21
Cortaderia jubata RL Riparian 7 5 1 0 0 0 20
Cortaderia selloana RL Riparian 55 30 8 6 2 48 56
Cytisus scoparius LM Riparian 10 8 11 7 12 104 23
Gleditsia triacanthos LM Riparian 111 34 27 27 22 342 57
Grevillea robusta SL Landscape 53 26 25 0 3 59 51
Hedychium coronarium ML Riparian 14 9 4 4 1 45 32
Hedychium
gardnerianum
ML Riparian 12 10 7 5 0 0 12
Ligustrum sinense ML Riparian 8 7 53 17 11 170 18
Lonicera japonica ML Riparian 5 6 31 14 21 420 26
Lythrum salicaria MM Riparian 1 3 41 24 21 278 7
Mimosa pigra RM Riparian 7 5 16 2 0 0 21
Nephrolepis exaltata ML Landscape 13 7 3 2 1 95 17
Pennisetum purpureum LM Riparian 40 21 41 23 1 111 40
Pereskia aculeata LM Landscape 44 24 7 5 1 23 41
Pinus taeda LL Landscape 7 8 5 5 9 162 22
Psidium guineense MS Landscape 2 2 21 13 0 0 o1
Quercus robur SL Riparian 50 27 3 4 4 25 36
Rosa rubiginosa LM Landscape 119 29 45 18 20 187 50
Spartium junceum ML Landscape 20 16 3 4 1 103 45
Tecoma stans LL Landscape 58 21 40 22 1 51 38
Tipuana tipu LL Riparian 24 13 13 9 0 0 28
Ulex europaeus LM Riparian 9 5 10 6 4 79 24
The extent of the potential regional (South Africa, Swaziland, Lesotho) distribution (extent of climatically suitable envelope) is also shown.
QDS ¼ quarter degree square i.e. 0.251 of longitude 0.251 of latitude. ‘‘Expert ranked categories’’: the first letter indicates size of the habitat which
potentially can be invaded in South Africa (small, medium, large, riparian) and the second to the current propagule pool size (small, medium, large) as
assigned by Nel et al. (2004). The landscape habitat category includes all non-riparian habitats.
Fig. 3. (a) Potential and (b) current distribution of all 28 emerging plant invaders. The information on the current distributions was derived by Nel et al.
(2004) from the SAPIA database (Henderson, 1998).
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significantly correlated ðpo0:001Þ, but that there was
no relationship between the coefficient of variation of
the monthly rainfall estimated from the Atlas data and
that obtained from the CLIMATE model. Our initial
analyses found that the weather station matches
produced by the CLIMATE model were particularly
sensitive to exclusion of any of the 16 climatic
parameters. Thus, we did not exclude coefficient of
variation of the monthly rainfall from the weather
station matching step of CLIMATE, but excluded it
when we generated the continuous climatic envelope
surface for each species.(iii) For each species, weather station locations in the ‘‘very
high’’ match category were selected and the range of
values for each of the 15 climatic parameters was
determined. These ranges were used to build a climatic
profile for each species using the Atlas-generated mean
values for these weather stations. Grid cells whose
values fell within the range for each of the climatic
parameters were selected and assigned a value of 1;
those outside the range were assigned a value of 0.
Multiplying the resulting 15 surfaces provided a single
climatic envelope surface, which we used to define the
potential distribution for that species.The climatic envelope surfaces of the 28 species were
then merged to create a combined climatic envelope for all
the species. The combined envelope was used to identify
areas of the region with the highest risk of invasions.
2.2.3. Comparison of current and potential distribution in
South Africa
Current and potential distributions were compared using
correlations between the extent of the current and potential
distributions (both expressed as a percentage of the region)
and the input datasets (e.g. number of records of invasions
within the region or elsewhere) used to derive those
potential distributions. The categories described by Nel et
al. (2004) and the extent of the potential distributions
(climatic envelopes) were compared by converting the
habitat and propagule pool sizes to a numerical value as
follows: habitat—small ¼ 1, medium ¼ 2, large ¼ 3,
riparian ¼ 3; propagule pool size—small ¼ 1, medium ¼ 2,
large ¼ 3. The habitat and propagule pool size scores were
multiplied to give the final score.
3. Results
3.1. Contribution of weather station data from different
countries to the extent of the climate envelope
An analysis of the contributions of the different
countries (SA, Australia, and USA) to the ‘‘very high’’
and ‘‘high’’ weather station category matches (i.e. those
with Euclidean distance scores of 0–30) for each of the 28
species, showed some interesting patterns. The USAweather station input data points (at county level) did
not add any matched weather stations to those selected
using the South African SAPIA data for any of the species.
Rather than adding new stations, the USA data identified
the same set of weather stations as the South African input
data for the Western Cape and, for some of the species, in
parts of the Northern Cape. The Australian weather
station data added new potential distribution location
points for eleven of the 28 species, with these points often
either being located in the Eastern Cape and/or northern
KwaZulu-Natal (particularly along the coast). The con-
tribution from the South African weather station data
towards predicting the potential distribution of the selected
emerging plant invaders was the most prominent, high-
lighting the eastern part of the region (Gauteng, Mpuma-
langa, Limpopo, inland KwaZulu-Natal and Eastern
Cape, and the boundaries of the Northwest Province)
as vulnerable to future invasions by emerging plant
invaders.3.2. Current distribution in South Africa
From the SAPIA database, the current distributions in
South Africa ranged from o1% of the region (Acacia
paradoxa D.C., Celtis sinensis Pers., Cestrum parqui
L’Herit., Lythrum salicaria L., Psidium guineense Swartz)
to just over 6% of the region with a mean of between 1%
and 2% (Table 3). Most of the species had current
distributions of 3% or less of the region, and only two
species had current distributions of more than 3%
(Gleditsia triacanthos L. and Rosa rubiginosa L.).3.3. Potential distribution
The extent of the potential invasions varies substantially
between the different species (Table 3). Three are predicted
to invade no more than 10% of the region, 10 could invade
10–25%, 11 between 25% and 50%, and four species have
the potential to invade more than 50%. The species which
show the largest invasion potential include three tree
species (Acacia podalyriifolia A.Cunn., G. triacanthos, G.
robusta) and a grass species (Cortaderia selloana (Schult.)
Aschers. & Graebn.). A. podalyriifolia has a very wide
potential distribution (64% of the region, Fig. 4a); its
absence from the western interior and the Limpopo River
valley and lowveld seems to be determined mainly by the
low rainfall and relatively high temperatures in these areas.
Species with a more limited potential distribution include
L. salicaria (7% of the region), which seems to be confined
to the moderate climates (high rainfall, moderate tempera-
tures) that characterise the east coast and parts of the
southern and western coastal lowlands (Fig. 4b). Like A.
podalyriifolia, Pereskia aculeata Mill. (Fig. 4c) could invade
much of the eastern part of the region. Ulex europaeus L.
(Fig. 4d) could become a major grassland invader,
occupying 24% of the region (Table 3).
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Fig. 4. The current and potential distributions of a selection of the 28 emerging plant invaders. (a) Acacia podalyriifolia is an example of a species that has
a very wide potential distribution and (b) Lythrum salicaria is an example of a species with a very limited potential distribution but is among the world’s
100 worst invaders (Lowe et al., 2001), (c) Pereskia aculeata is already considered a very problematic emerging invader in SA and (d) Ulex europaeus is also
among the world’s 100 worst invaders.
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South Africa
The extent of the area which potentially can be invaded
is strongly correlated with both the number of SAPIA
records (R2 ¼ 0:77, po0:01) and regional weather station
records used (R2 ¼ 0:88, po0:01) (Table 3). The correla-
tions between the size of the potential distribution (extent
of climatic envelope) and the number of weather stations
from both Australia and the USA are all weak and non-
significant. The same is true for the number of occurrence
records obtained for the species in Australia and the USA.
The correlations were also weak and non-significant for the
total number of weather stations used. An analysis of the
combined scores given to the species (Table 1) also revealed
that they were not correlated with the extent of the areawhich potentially can be invaded per species. The lack of
significant correlations emphasises the point made above—
that few of the foreign weather stations were well matched
to local conditions. This also highlights the critical
importance of local distribution records, however few, for
defining the climatically suitable areas of a region for a
particular species.
A general trend of increasing potential distribution with
increasing current distribution is evident from the compar-
ison of current with potential distribution (Fig. 5). There is
a substantial scatter for species with current distributions
of less than 1% of the region but less for those above 2% in
relative terms. For example, C. parqui (currently o1%)
could potentially invade up to 35% of the region and
Spartium junceum L. (1%) could invade 45%. Both C.
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Fig. 5. Relationship between the current and potential ranges of emerging
species. The current range is expressed as the percentage of the Quarter
Degree Squares (0.251 0.251) in the region that have been invaded (data
from the SAPIA database, Henderson, 1998), and the potential range as
the percentage of the total number of 10  10 grid points in the region
which are climatically suitable for the species to invade.
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15 parameters) represent a wide area. There are 2014 QDS
in the study area which means that the extent of the
potential range for C. parqui is at least 700 times its current
range. Other species with high potential are C. sinensis with
at least 300, L. salicaria 140 and Lonicera japonica Thunb.
var. halliana at least 100 times. The smallest expansions are
for P. guineense at about 5 times, R. rubiginosa 8 times,
G. triacanthos 10 times and Tecoma stans (L.) H.B.K. 13
times. The case for S. junceum was different; although there
were only 20 SAPIA records, these were spread across the























Fig. 6. Comparison of the expert rating of the habitat which potentially
can be invaded of emerging species (small, medium, large, riparian) and
the predicted climatically suitable area (% of the region). Error bars show
the standard deviation.3.5. Invasion potential of areas within South Africa
Most of South Africa has the potential to be invaded by
at least one of the 28 emerging plant invaders (Fig. 4a).
About 26% of the remaining natural environment in the
region (roughly 85% of the total area) could be invaded by
1–5 emerging plant invaders, 31% by 6–15, and 24% by 16
or more species. Only 19% of the remaining natural
environment in the region was shown to have no potential
for invasion by the species analysed in this study. Most of
this area is situated in the arid north-western interior,
Limpopo River valley, and in the subalpine regions of
Lesotho. The worst affected areas, with 20 or more species,
cover most of the grasslands of the highveld and some of
the eastern escarpment (Fig. 3a). The least affected areas,
with only one or two species showing potential to invade,
are in the arid western interior and west coast, with most of
the Western Cape showing an invasion potential of five or
less species.3.6. Expert rated habitat potential versus potential
distribution
A comparison of the expert rating of the extent of the
habitat which potentially can be invaded (Nel et al., 2004)
with the predicted climatically suitable proportion of the
region for the same species shows that the predictions did
not match up (Fig. 6). The category of a small potential
range showed the greatest mean range but only involved
two species (Q. robur and G. robusta) compared with the 12
species with a moderate and 11 species with a large habitat
which potentially can be invaded (Table 3 last column).
The range of values in both the moderate and large
potential habitat size groups is wide, from o1% to more
than 50% of the region and with median values of 23%
and 28%, respectively. The lack of a clear relationship
indicates that the expert ratings for the remaining 56
emerging species (Nel et al., 2004) may not be a useful




4.1.1. Access to international data on species distributions
Although the climatic conditions in South Africa showed
strong matches with large areas of Australia, USA, South
America, and the Mediterranean Basin, we were only able
to obtain appropriate species distribution data for Queens-
land and parts of the USA. We had access to a portion of
the Flora Europaea database but this contained informa-
tion on just one of the species of interest to us. While
inclusion of species occurrence data from South America
and Europe would have undoubtedly improved the
robustness of our climatic envelopes for each species, it is
ARTICLE IN PRESS
T.N. Mgidi et al. / Journal of Environmental Management 84 (2007) 173–187 183not possible to determine whether or not the resulting
climate envelope would have differed from the results of
this study. The net effect is that the climatically suitable
areas are more likely to be under-estimated than over-
estimated, particularly for the species with few records
from other countries and from the SAPIA database,
such as Cortaderia jubata (Lem.) Stapf. and S. junceum
(Table 3).
4.1.2. Representativeness of the species selected for this
study
We believe that our methodology led to the selection of a
representative set of 28 of the 84 emerging species identified
by Nel et al. (2004). It is more difficult to determine to what
extent these species represent emerging invading plant
species elsewhere in the world as objective data on
emerging species are not readily available. One exception
was an analysis of plant species invading natural environ-
ments in Australia by Groves et al. (2003). This indicated
that six of the 24 non-Australian species in our list had the
potential to expand their current range into new states in
Australia, or additional areas within the states where they
already occur (Table 4). Tipuana tipu (Benth.) Kuntze wasTable 4
Summary of the status and distribution of the 28 emerging invasive species in






























Qld ¼ Queensland, NSW ¼ New South Wales, SA ¼ South Australia, Tas ¼
defined three categories of weeds based on: (a) their impact or potential impac
resource base; (b) their current and potential distribution; and (c) their inva
problem’’ at some locations and minor weeds are a ‘‘minor’’ problem at somethe only one of these seven species that was considered a
relatively minor weed. Although the USA Plants database
does not indicate potential invasions, all the 23 non-United
States species, other than C. sinensis, were recorded in at
least one state. Seven species were present in a number of
states and L. japonica, L. salicaria and R. rubiginosa
(synonym R. eglanteria L.) were present in most of the
states.
According to the Global Invasive Species database
(http://www.issg.org/database/welcome/), 14 of the species
occur in at least one other country and six species
(Cinnamomum camphora (L.) J. Presl., Hedychium gardner-
ianum Roscoe, Ligustrum sinense Lour, L. japonica, L.
salicaria and Mimosa pigra L.), are present in 5–15
countries outside the USA and Australia. These findings
support the assessment of these species as emerging
invaders in South Africa and their potential to expand
their invasions in other countries with similar environ-
ments. It is interesting that although invasions by C.
camphora have been recorded in at least 10 other countries,
including the USA, it was considered to be limited to
agricultural environments in Australia by Groves et al.
(2003). Celtis. sinensis, Cinnamomum camphora, and L.Australia based on information obtained from the Queensland herbarium




Major, present: Qld, potential: WA
Major, present: Qld, NSW, Vic.
Major, not in non-agricultural settings
Major, present: NSW, Vic., Tas, potential: SA, WA
Major, present: NSW, Vic., Tas
Major, present: NSW, Vic., Tas, SA
Major, present: Qld
Native
Minor, not in non-agricultural settings
Minor, not in non-agricultural settings
Major, present: Qld, NSW, potential: WA
Major, present: Qld, potential: Tas
Minor, present: Qld, NSW







Major, present: Qld, NSW, Vic., SA
Minor, present: Qld
Major, present: Qld
Minor, present: Qld, potential: WA, NT
Major, present: Qld, NSW, Tas, SA, Vic., WA
Tasmania, Vic. ¼ Victoria, WA ¼Western Australia. Groves et al. (2003)
t on profitability and sustainability of primary industries and the natural
sive ability and rate of spread. Major weeds are known to be a ‘‘major
locations.
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increases in an analysis of priority weeds in Queensland
(Batianoff and Butler, 2003). The first two species were also
rated among the top 10 for potential impacts, emphasising
the importance of timeous control measures for these
species even though they are not rated as major invaders in
South Africa at present (Nel et al., 2004).
4.1.3. Further steps leading to over- or under-estimating
potential distributions
For the USA data, the selection of all the weather
stations in a county is likely to capture a wider climatic
range than would be the case if the actual locations of the
species were available. This would lead to an overestima-
tion of the potential distribution. In the case of the
Australian and South African datasets, where nearby
weather stations had to be selected to represent the
occurrence data, overestimation of the potential distribu-
tion would occur if the weather station was situated in
more extreme climatic conditions than the input point.
Conversely, underestimation might occur if the weather
station was situated in more moderate climatic conditions.
This is often the case because weather stations are situated
in towns or cities which are generally in the valleys rather
than in the nearby mountain areas where the species is
likely to have been recorded.
The net impact of these uncertainties on the predicted
extent of the potentially climatically suitable areas cannot
be estimated but it must be borne in mind when
interpreting these results. The overriding importance of
species occurrence data in the region of interest emphasises
the importance of selecting the local weather stations that
match these locations as carefully and rigorously as
possible. We have attempted to compensate for these
uncertainties by only using the best matches we could get,
so we believe our final matches are likely to be conservative
and underestimate the area which potentially can be
invaded.
4.2. Concerns about particular species
The Australian species Acacia elata occurs in several
locations in South Africa with most occurrences being in
the Western Cape and a few in Gauteng, Mpumalanga, and
KwaZulu-Natal. Given this range of environments, it was
surprising that the three weather stations identified from
Australian distribution records did not even find weak
matches. A closer inspection showed that the climates of
the Australian weather stations in the CLIMATE database
(Bellingen, Wollongong, Yarras) are characterised by
relatively high rainfall (41400mm per year), all-year
rainfall, and a moderate climate (mean annual temperature
417 1C). There are no close analogues of this climate in
South Africa, particularly with such high rainfall.
Cytisus scoparius (L.) Link. is a major invader in
California, and other areas of the USA, but the 104
records of this species in the USA data generated onlyweak matches for this species in South Africa. We
examined the CLIMATE data for the Californian weather
stations to determine why this was so. The main difference
seems to be that the seven Californian stations were all
characterised by little or no summer rainfall (driest month
and driest quarter) while the weather stations on South
Africa’s west coast have substantial proportion of summer
rainfall. One of the Californian stations is situated on the
Monterey Peninsula, this location has one of the largest
natural populations of Pinus radiata D. Don., which is a
widespread invader of South African fynbos (Richardson
and Brown, 1986). P. radiata is a remarkably adaptable
species (Lavery and Mead, 1998), maybe more so than
Cytisus, but this finding does suggest that there may still be
a substantial risk that C. scoparius could invade fynbos.
4.3. Areas most at risk of invasion
A comparison of the combined potential distributions of
these 28 species shows that they correspond in a general
way with the distribution all 84 emerging species as
indicated by the number of these species per quarter
degree square (Fig. 3a and b; Nel et al., 2004). In both cases
the greatest concentration of invaders was in the eastern
and south-western parts of the region. Even though only 28
species were assessed in this study, we found that a much
greater proportion of the region will be invaded than was
indicated by the current species occurrence records. The
important differences are that this study predicts that a
greater proportion of the species will invade the highveld
grasslands, and a region parallel to and below the eastern
escarpment. These invasions are also predicted to be more
extensive and continuous.
The current distribution records show that most of the
invaders are concentrated in the more densely inhabited
areas, particularly on the east coast and in the forestry and
agricultural areas of Mpumalanga and Limpopo Province
(Nel et al., 2004). This study also differs from the SAPIA
data (Fig. 3a) in that it predicts a relatively low degree of
invasion along the east coast (Fig. 3b). This is surprising
given that the sub-tropical climates in this area support
invasions by a wide range of highly aggressive species. It is
possible that the results of this study may have been
influenced by the climatic preferences of the set of 28
species included in this analysis so that these findings are
not a good indication of the potential vulnerability of those
environments to invasions.
The most recent predictions of the impacts of climate
change in South Africa suggest that the mean temperatures
generally will increase by 1–2 1C, potentially 3 1C in lower-
lying regions of the interior, with a greater increase in the
minimum than in the maximum temperatures (Schulze and
Perks, 1999; Midgley et al., 2003, 2005). The eastern and
southern coastal areas may experience an increase in
rainfall but the western areas, except for the mountains
in the south-west, are predicted to experience a substantial
decrease in rainfall, with conditions becoming hyper-arid in
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the most of the areas at risk are in the eastern parts which
are likely to experience more favourable growing condi-
tions (warmer temperatures, more rainfall). These condi-
tions are likely to increase the potential for invasions by
emerging species. In the south-western areas, the species
that can invade the montane environments (e.g. Acacia
species) may be favoured, but species which invade lowland
habits (e.g. L. salicaria) may be adversely affected by the
dryer conditions.
5. Conclusions
It is inevitable that problems associated with invasive
alien plants will increase; the transition of some species
from the status of ‘‘emerging’’ to ‘‘major’’ invaders is one
component of the escalation of the problem (Macdonald,
1992; Dukes and Mooney, 1999; Rutherford et al., 1999;
Hobbs, 2000; Richardson et al., 2000; With, 2002; Le
Maitre et al., 2004; Milton, 2004). Therefore, it is
important that a strategic approach is adopted when
managing these emerging plant invaders in order to
minimise their impact on biodiversity and the ecosystem
services derived from it. Human activities have played a
significant role in determining the current invasion patterns
in the region and will continue to do so in the future (Le
Maitre et al., 2004). This is a key issue that still has to be
addressed together with the implications of climate change.
The findings of this study provide a means of improving
our ability to deal with emerging plant invaders in an
objective way, by prioritising these species and the areas
they are most likely to invade in the future. By focussing
management efforts on alien plant species at an early stage
of invasion, the time and cost required to control them can
be considerably reduced (Rejmánek and Pitcairn, 2002).
For example, P. aculeata and U. europaeus, already known
to be difficult to control elsewhere in the world, were
identified in this study as emerging invaders with the
potential to expand their current distribution range. The
results emphasise the importance of investing in early
warning systems and in risk assessment procedures for
screening introductions of any new plant species brought
into South Africa. They also highlight the uncertainty
associated with relying only on expert rankings of invasion
potential. Predictive models based on good quantitative
data (such as the climate-based model used in this study)
should be used whenever possible, particularly when
dealing with species with limited distribution information
such as the emerging plant invaders.
This study also identified the kinds of problems that can
occur if climate matching is applied without taking into
consideration the quality of the data or other relevant
information, including expert knowledge. For example, the
range of climatic conditions within the units used for
mapping a species distribution, both local and in other
parts of the world; or an understanding of the limitations
of the available climatic data, both local and elsewhere; orthe limitations of the set of climate parameters used to
generate the matches. Many of these difficulties could be
overcome by providing more detailed data on species
locations, making datasets on species locations in a wider
range of countries accessible, preferably via the internet,
and by documenting the status of the species at this
location using objective categories such as planted,
naturalised or invasive as defined by Richardson et al.
(2000) and Pyšek et al. (2004).
We believe that we have taken due cognisance of the
various uncertainties in the input data in our analyses, and
that these predictions are the best possible given the limited
data and information available for this analysis. They can
be regarded as reasonably robust and suitable for use in
making decisions about strategies for dealing with these
species before they become major invaders.Acknowledgements
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